A mold with slits and external cooling water channels was designed for the direct chill casting processing. By imposing a high frequency magnetic field, the surface quality and microstructure of the direct chill cast billets are improved. The casting speed could be improved by the simultaneous use of mold and electromagnetic coil. In the case of one kind of Al-Cu-Mg alloy with a wide freezing range, the critical casting speed to break-out can be improved 60%. The microstructure of the billet cast with electromagnetic field is more fine and uniform than that of the conventionally cast billet, and the subsurface segregation usually observed in the conventional billets is eliminated.
Introduction
As the premier process for producing aluminum shapes suitable for subsequent processing in extrusion, rolling or remelt operations, the direct chill casting (DCC) technological method produces over ten million tonnes of aluminum per annum worldwide.
In the past, ingot surface quality has been a strong impetus in the development of new versions of the process. On the other hand, process productivity and versatility will drive change in the future. Increasing casting speed will be an effective method for improving productivity. If casting speed could be increased, greater tonnages could be cast with less capital cost. 1) In order to improve production, increasing casting speed is necessary. However, some problems need to be solved. As casting speed increases, the UCD (upstream conduction distance) decreases. If the UCD is very small, it means that the liquid front is getting very close to the bottom of the mold and possibility of bleedouts increases.
2) Moreover, the cracking, porosities and other solidification defects may appear with the increasing casting speed.
3) Despite thermal treatment and mechanical working, many ingot defects may persist through to the end product. Clearly, metallurgical defects must be eliminated at the ingot casting stage if high quality end products are to be produced. 4) Fortunately, electromagnetic casting (EMC) of aluminum alloys has been the subject of considerable development in recent decades, mostly as a result of an improved understanding of the magnetohydrodynamics in metallurgy. The electromagnetic casting mold uses an inductor coil through which a high frequency (typically a few kHz) current is passed. The currents induced in the liquid metal interact with the magnetic field of the coil. This produces a restraining force on the liquid which acts against the metallostatic head pushing the metal away from the mold. Lack of contact between liquid and mold eliminates mold cooling and the problem of reheating, producing a very good surface and microstructure. 5) However, it is very difficult to increase the casting speed in the EMC process because the solidification front is limited in the certain zone of the inductor acting. A novel technique is described in this paper, which combines the DC mold and the electromagnetic coil and leads to high quality aluminum billet with smooth surface, fine structure, especially, under an improving casting speed.
Experiments
A newly developed mold is schematically shown in Fig. 1 , which has closed slits to make sufficient high penetration of the electromagnetic field to the melt. The mold with an interior diameter of 100 mm, 10 mm thickness of mold wall and 200 mm of height, does not have a complicated inside water channel, which reduces the cost and is easier to design and manufacture. 12 pieces of slits with each width of 0.3 mm were fabricated around the circumference inside the mold wall, and the mica sheets were used to fill the spacing of the slits. The copper coil was installed to apply a high frequency current in 3 turns and 40 mm of height. The cooling water pipes have their own separate manifolds, and their positions along the vertical direction may be moved freely. Therefore, the distribution and the intensity of the cooling water are adjustable.
The experimental materials were pure Al and 2024 alloy. The compositions along with casting parameters are summarized in Table 1 .
During the measurement of the magnetic flux density in the mold, cold charges of aluminum were inserted in the mold as simulating materials for casts and they were cooled independently. The coordinate system and the schematic illustration of magnetic field measurement are shown in Fig. 1 . As for the measurement points, at segment means on the centerline of inner surface of segment, at slit means on the centerline of inner surface of slit, and at center means at the centerline of the mold. The magnitude of magnetic flux density in axial direction was measured by using a magnetic probe of the small coil type.
The sump depth of the melt was probed by immersing steel rod during the casting process. The sump profile was obtained by tracer method. The macrostructure at transverse and longitudinal section of the billets were analyzed. The microstructural specimens were cut from edge to center at the transverse section and analyzed by optical microscopy. Figure 2 shows the linear relationship between coil current and magnetic flux density, the measurement point is the center of the mold. With a higher coil current, a stronger electromagnetic force could be obtained. Generally, the latter is in favor of the surface quality of billet. However, the critical power and other negative effects should be considered before choosing the suitable coil current.
Results and Discussion

Measurement of electromagnetic field
As shown in Fig. 3 , the greatest value of the magnetic flux density along the vertical direction is observed at the position 75 mm below the mold top at the slit and the segment. For the center position of the mold, the strongest magnetic field is below the mold top about 80 mm.
A peak value is observed between the mold top and the start of slit as indicated in Fig. 3 . It is because of the superposition of the magnetic flux between the mold top and the start of the slits. The more magnetic flux penetrates the slits readily and meets the other magnetic flux skipping the mold top, which strengthens the magnetic field between these two regimes. Figure 4 shows the effect of the charge position on the magnetic field at segment. With the charge moving from 40 mm to 70 mm below the mold top, the distribution of magnetic field measured on the segment surface changes a little. The strongest magnetic field also appears near the level of Z ¼ 75 mm. That means the control of melt level in this system is not very strict comparing the moldless EMC process, and the casting operation becomes easier.
The magnetic flux density has almost the same varying tendency at both segment and slit as shown in Fig. 5 . The well-proportioned profile of the magnetic field brings uniform electromagnetic forces around the periphery of the melt that is helpful to form the smooth billet surface. Figure 6 indicates the structure of the mold with 12 slits could give approximatively uniform distribution of magnetic flux density between the segments and the slits. The small fluctuation of magnetic field is acceptable for obtaining a stable meniscus and a better billet surface.
Surface quality
As shown in Fig. 7 , the surface quality of DC billet is improved with the increasing casting speed. This is because the fast casting speed reduces the friction of solidified metal with the mold wall and leads the solidification front to descend to the water cooling zone quickly, which decreases the tendency of re-melting and formation of exudations. However, it should be mentioned that with casting speed increasing, the billet shell which is solidified in contact with the mold wall becomes thinner and thinner, with an increasing tendency toward horizontal cracking and bleedout. 6) Compared with the pure Al billet, the 2024 alloy billet surface is bad, as shown in Fig. 8 . Bleed bands (periodic surface segregation) and cold shut can be seen on the billet surface. Surface segregation occurs when molten metal ''bleeds'' through the partially solidified shell, driven mainly by the metallostatic pressure of the liquid metal above. The factors decreasing metallostatic head and diminishing reheat effect such as a low metal level or a hot top will reduce surface segregation. Cold shut occurs when the melt meniscus freezes against the mold wall and fresh molten metal overflows the frozen crust without fusing it. They can be avoided by increasing the casting temperature or the casting speed or by restricting the flow of heat through the mold wall. The most thorough way of avoiding these surface defects is to use electromagnetic casting, which eliminates the causes of cold shuts and bleed bands.
The surface defects as mentioned above can be eliminated or reduced by imposing a high frequency electromagnetic field. As shown in Fig. 8 -(c) and (d), the billet cast under the 1000 A coil current has a better surface quality than that of direct chill cast. The conventional, ''DC mold'', is known to generate non-uniform heat transfer due to air-gap formation. A highly segregated rough surface is typical with a conventionally cast DC billet, as shown in Fig. 8-(a) and (b) . However, the high frequency alternating current generates an induced electric current in the liquid metal. This induced current brings about Joule heating inside the billet subsurface of several millimeters, which is known as ''skin-depth''. The Joule heating reduces or even eliminates the liquation which results from the mold chill and remelting of the solidified shell by dramatically limiting or stopping the indirect cooling. Moreover, the electromagnetic force produced by the interaction of the induced current and the magnetic field generated by the inductor reduces the friction between the metal and the mold and improves the surface quality of the billet. On the other hand, the electromagnetic force supports the liquid metal against gravity at the periphery of the pool, which prevents molten metal bleed-out and permits the improvement of the casting speed. In this experiment, DCC 2024 billets break-out over a casting speed of 0.25 m/min, but EMC billets tends to break-out over 0.4 m/min. Moreover, with the higher casting speed, the surface quality tends to improve.
3.3 Sump depth and the shape of liquid pool 3.3.1 Sump depth of DCC Al billet at different casting speed The depth of liquid pool is defined as the distance from the top level of melt to the bottom of the melt sump. Figure 9 indicates the approximate linear relationship between casting speed and the sump depth of Al billet. Variation of casting speed from 0.2 to 0.5 m/min leads to the change of sump depth from 150 to 280 mm. 2024 alloy also has similar tendency. Casting speed obviously affects the sump depth both in pure aluminum and 2024 alloy billet. It will affect the surface quality and the macro-or microstructure of billets via a change in the geometry of the solidification front.
Sump shape of DCC and EMC Al billet
As shown in Fig. 10 , at Al DCC condition, the sump depth increases to 210 mm from 160 mm with an increase of casting speed from 0.2 to 0.3 m/min. The large sump size does allow for more liquid flow and longer residence times for free floating dendrites and so a greater amount of macrosegregation would be expected in the high casting speed ingots. 7) Therefore, in addition to the break-out problem, macrosegregation should be considered when increasing casting speed. However, at the same casting speed of 0.3 m/min, the EMC specimen shows a shallower liquid pool depth (about 192 mm). It is because of the local sub-surface heating due to currents induced in the billet by the coil. The local subsurface heating blocks normal outwardly directed heat transfer in a small region and results in the vertical withdrawal of heat in this portion of the solidification front, 8) which moves downward of the solidification front near the billet surface. Moreover, the rotational part of the electromagnetic forces causes melt flow and decreases the temperature difference in the liquid pool, leads to the flatter solidus isotherms and promotes the simultaneous solidification of the melt. As shown in Fig. 11 , the path of melt travel is in the vertical planes and follows a single circuit as a rule. The flow of metal moves in the surface layers to the periphery, then along the lateral surface of the molten zone downward from above and rises round the center of circulation. A theoretical model proposed by Hunt 9) shows that the structure will be fully equiaxed if
where, G is the temperature gradient, N 0 the number of nucleating substrates per unit volume, ÁT N is the undercooling at heterogeneous site and ÁT C is the constitutional undercooling. The structure will be fully columnar when G is 4.64 times greater than the above critical value, and with a mixed mode between these two limits. The undercooling at a dendrite tip with an assumed hemispherical cap can be calculated by 
where D is the liquid diffusion coefficient, V the growth rate (in the case of DC casting V is approximately equal to the casting speed), m the liquidus slope, k the partition coefficient, C 0 the alloy composition, and À is the GibbsThomson coefficient. 10) By ignoring the first term(the thermal undercooling) which is much less than the second term(the constitutional undercooling) in the DC casting case, equation (2) becomes
where A is a function of the properties. It seems to be expected that high casting speed and low gradient with high nucleation frequency give equiaxed growth, which verified by the experimental results as shown in Fig. 12. Figure 13 indicates the macrostructure of Al billet cast at different coil current. At the DCC condition, i.e. the coil current is zero, the long columnar structure is observed. When the coil current is 800 A, the fine, equiaxed structure is visible over about a quarter of the section thickness (about 25 mm from billet edge to center). It seems that the acting zone of the electromagnetic filed is about 25 mm distant from the billet surface. Whenever a current flows through a conductor placed in a magnetic field, then the conductor experiences a force, which could be shown as following equation
Effect of coil current on the macrostructure of EMC Al billet
This force is proportional to the magnetic flux density and the current density and, in direction, is perpendicular to both.
11) The electromagnetic forces have two consequences: the irrotational part supports the liquid metal against gravity at the periphery of the pool, and the rotational part causing stirring. The stirring generates shear to break the dendrite tips and circulates the debris in the liquid pool. Although the electromagnetic stirring occurs near the surface region, it still provides an admirable mechanism, not just for breaking and carrying away the dendrite arm, but also for dissipating superheat in the liquid. Moreover, the Joule heating accelerates the melting off of dendrites, which primarily lead to the grain multiplication. It has been amply demonstrated that grain multiplication is an important and general source of equiaxed crystals in castings and ingots. 12) On the other hand, the Joule heating has the effect of pushing the solidification front of the subsurface downward, closer to the water heat extraction region, thus increasing the cooling rate and refining the grain size. 13) Over the acting zone of the magnetic field, the grain size is larger and columnar structures are much more readily obtained. However, if the coil current is 1050 A, the equiaxed grains diminish and the columnar grains increase again. This seems to due to the higher coil current generating a stronger magnetic field and a corresponding higher induced current, which increases the heat effect in the solidification sequence and decreases the undercooling, thus reducing the nucleation rate and coarsening the grains. This heat effect could be described as following equations
where J is the induced current density, ' is the electrical conductivity. The heat effect brings about the temperature increase of metal with mass of m, as follows
where C is the specific heat, Át is equals to the decrease of undercooling. Equation (6) indicates as the induced current increases, the underscooling of melt will decreases. Moreover, the critical nucleus radius r Ã of a spherical particle which is just stable at undercooling is given by
where, ' LS is the liquid-solid surface energy, T 0 is the melting point, L is the heat of fusion, and ÁT is the undercooling. The critical radius increases with decreasing of the undercooling, and then the smaller atom clusters become difficult to be the nucleus. Therefore, the amount of the nucleus reduces, the equiaxed grains consequently diminish and the more columnar grains appear again. It should be mentioned here, the induced current has diplex effects on the growth of grains. One is refining grains by the stirring or forced convection, as shown in Fig. 11 , a greater current brings a greater electromagnetic force and leads to a stronger stirring effect; another is coarsening grains by diminishing undercooling due to the heat effect. So a suitable current should be chosen during the EMC process. Figure 14 indicates the transverse sectional microstructure of the 2024 DCC and EMC specimens in as-cast state. Apparently, the microstructures of EMC specimens are consisted of fine and uniform dendrites. However, the DCC specimens have a non-uniform structure. In the edge region, it has a chill zone because of the mold cooling. From the center to the half of the radius, dendrites size is similar to that of the EMC specimens. Because of the size of the billet in our experiment is 100 mm, and the diameter of the nozzle is about 20 mm, the melt motion toward the center of the sump results from the inflowing metal stream and thermal natural convection. 14) This turbulent convection breaks and carries away the dendrite arm, and also brings heat pulses which accelerate the melting off of dendrites to the interface. So both EMC and DCC specimens have fine structures in this region. On the other hand, the obvious difference could be seen in the zone from the chill zone toward the center about 25 mm. The dendrites size of the DCC specimens is bigger than those of the EMC specimens. As mentioned above, there is strong electromagnetic stirring in the liquid pool during the EMC solidification. Although the induced currents are mostly confined to a narrow region (the skin depth) at the periphery of the melt, the main path of melt travel in the molten pool extends from the lateral surface of the molten zone to 4$5 times the depth of field penetration into the metal.
Microstructure
15) The intense forced convection induced by electromagnetic forces generally promotes both the decrease of superheat and the homogenization of the melt temperature. In such a case, the whole volume of the pool is practically isothermal. Consequently, the crystallization proceeds simultaneously throughout the undercooled melt around a number of suspended nuclei which is the dendrite arms broken by electromagnetic stirring, and this increasing nucleation generally results in the appearance of a finegrained equiaxed structure and a higher degree of homogeneity in crystallization. Moreover, in the mush-zone, the induced current would rather transfer through the solidus phase because the solid phase is nearly three times more conductive than the liquid phase, 16) and leads to a greater heat effect in the solid phase than in the adjacent liquid, which results in the remelting of the solidified metal, or promotes the simultaneous solidification of all systems. Therefore, the solidification process in the electromagnetic field tends towards simultaneous solidification and homogeneous growth. Under such conditions, refinement and uniformity of the macro-and microstructure, can be expected. However, the thermal convection and the inlet flowing affect the midthickness only slightly, and there is no electromagnetic forced convection in the DCC conditions, so the heat extraction in this zone becomes difficult. This results in the extended solidification time and the coarser dendrites. Moreover, a segregation layer near the surface in the DC casting specimens is observed. The radial component of the electromagnetic force reduces the contact between the metal and the mold, which eliminates the formation of the air-gap and leads to the absent of the subsurface segregation.
Conclusions
A mold without complicated interior cooling channels was designed. The cooling water system consists of several separated pipes around the mold. These pipes could be moved along the vertical direction freely and bring a flexible cooling effect. A high frequency electromagnetic field was imposed to improve the surface quality and the microstructure of the billets. The slits fabricated in the mold could give approximately uniform distribution of magnetic flux density between the segments and the slits. With the increasing of the casting speed, the surface quality improves, and the structure somehow tends to equiaxed growth. But the tendency of break-out is also increased. Electromagnetic force supports the liquid metal against the hydrostatic pressure of melt and permits the improvement of the casting speed. Regarding the 2024 aluminum alloy, the casting speed could be improved by over 0.4 m/min. Electromagnetic stirring, Joule heating and thermal convection lead to fine and homogeneous structure of the EMC billets.
